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a b s t r a c t
A comparison of local and global controllers is conducted for helicopter vibration reduction
using actively controlled single/dual trailing-edge flaps. It is found that for high-speed
flight conditions, both local and global controllers perform equally well. However, for
low-speed flight, local controller gives a marginally better optimal solution compared
to the global controller but at the cost of much greater computation time. An objective
function containing the hub vibratory loads is minimized using the global controller. The
control effort is weighted such that each flap is used to complete authority. A reduction
of 73% and 75% in hub vibration is obtained at high-speed flight using single and dual flap
configurations, respectively. At low-speed flight, single and dual flap configurations gave
52% and 63% reduction in vibration, respectively. Numerical studies using an aeroelastic
simulation show that the vibration control system performs well up to ±5 degrees error
in flap phasing from optimal phase. The control law is insensitive to small perturbations
(up to ±0.3 deg) in the optimal flap harmonics and is fairly insensitive to stiffness and
mass changes of the rotor blade as well as noise in the measured hub load data. Dual flap
configuration was found to be more insensitive to errors in optimal flap control harmonics
than single flap configuration.
© 2008 Elsevier Ltd. All rights reserved.
1. Introduction
Vibration is a key problem formost structures and considerable research has focussed on vibration prediction and control
[1,2]. Vibration levels in helicopters are very high and unsatisfactory when compared to fixed-wing aircrafts [3]. Significant
vibration in helicopters occur due to strong aeroelastic interactions between a highly unsteady aerodynamic environment
and rapidly rotating flexible blades [4]. Other sources of vibration are the asymmetry of rotor disk aerodynamics,
blade-vortex interaction, high advancing blade Mach numbers, retreating blade-stall and out-of-track blades. High levels
of vibration lead to passenger discomfort, fatigue loading of structural and mechanical systems, increased noise and
maintenance cost and increased likelihood of damage to critical avionics components in the helicopter. The traditional
passive vibration reduction approaches based on isolators and absorbers involve large weight penalty and poor off-design
performance [5]. Since the main rotor is the main source of vibration in a helicopter, an alternative and more direct
approach is to design the rotor for minimum vibration. Typically, the design variables in design optimization studies include
blade stiffnesses, cross-sectional dimensions, taper ratio, root chord, root mass radius of gyration, twist and non-structural
weights [6,7]. However, optimization is a complicated process for realistic aircraft structures due to the high computation
time requirements [8].
Several active vibration control schemes have emerged in the recent past to address the shortcomings of the passive
approaches. These schemes generally result in weight penalty lower than passive devices and are capable of adapting to
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Nomenclature
C Finite element damping matrix
CT Rotor thrust coefficient
c Blade chord
D Blade damage variable
E Young’s modulus
EA Blade axial stiffness
EIy Flap bending stiffness
EIz Lag bending stiffness
F Finite element force vector
FxH Hub longitudinal shear force
FyH Hub lateral shear force
FzH Hub vertical shear force
GJ Torsion stiffness
Jv Vibration objective function
J Modified objective function
K Finite element stiffness matrix
M Finite element mass matrix
MxH Hub roll moment
MyH Hub pitch moment
MzH Hub yaw moment
m0 Blade mass per unit length
Nb Number of rotor blades
R Rotor radius
T Transfer matrix of control sensitivities
V Helicopter forward speed
WZ Weighting matrix for hub vibratory loads
Z Vector of 4Ω hub loads
β Control effort weighting parameter
∆ Perturbation of optimal control input
δ Flap deflection angle
µ Nondimensional forward speed (=V/ΩR)
Ω Rotor angular speed
ψ Blade azimuth angle
σ Blade solidity ratio
Θ Pilot trim control angles
Subscript
0 Parameter evaluated at baseline conditions
i ith trailing-edge flap
sat Saturation value
Superscript
4p 4Ω component
2c 2nd cosine harmonic
2s 2nd sine harmonic
3c 3rd cosine harmonic
3s 3rd sine harmonic
4c 4th cosine harmonic
4s 4th sine harmonic
5c 5th cosine harmonic
5s 5th sine harmonic
T Transpose of vector/matrix
several flight conditions. Higher harmonic control (HHC) and individual blade control (IBC) are active methods that aim to
cancel the vibratory loads at their source, namely the rotor, before they propagate into the airframe. In HHC, the swashplate
is excited at higher harmonics of the rotor rotational speed, thereby generating new unsteady airloads that combine with
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oscillatory inertial loads to cancel the hub vibration [9,10]. Themain disadvantages of the HHC system are the high actuation
power required to pitch the rotor blades and weight penalty associated with the hydraulic actuators. Also, HHC is limited
to NbΩ excitation frequency of the swashplate for a Nb-bladed rotor. In IBC, the pitch of each rotor blade is individually
controlled in the rotating frame using servo-actuators. IBC can be implemented in several ways in a helicopter: (i) the entire
blade is excited in the pitch direction by actuation at the blade root at higher harmonics of rotor rotational speed [11,12];
This was the earliest implementation of IBC methodology; (ii) the entire rotor blade is twisted by actuating embedded
piezoceramic materials [13]; (iii) on-blade partial span active trailing-edge flaps can be actuated [14,15].
Actuating partial span trailing-edge flaps requiresmuch lesser actuation power than exciting the entire rotor blade at the
root or twisting the entire rotor blade. Also, actively controlled flaps (ACF) are conceptually simpler to implement and do not
affect the airworthiness of the helicopter, since the flaps are independent of the primary control system. Several numerical
studies have looked at the aeroelastic analysis of a helicopter rotor with trailing-edge flaps. Such analyses are needed for
controller design anddetermination of the optimum location of trailing-edge flap on the rotor blade.Milgramet al. presented
a comprehensive study of vibration reduction in helicopters using an actively controlled trailing-edge flap [16,17]. The
aeroelastic analysis in their study included a nonlinear aeroelastic rotor model, unsteady compressible aerodynamics of
the flap and a multicyclic flap controller. The analytical results presented in their study were validated using experimental
wind tunnel data. They also conducted a parametric study for a four-bladed Sikorsky S-76main rotor. Myrtle and Friedmann
developed an unsteady time-domain aerodynamic theory that uses a rational function approximation (RFA) approach to
calculate the blade section aerodynamic loads [18]. Reference [14] combines the RFA approach with a free wake model to
determine the aerodynamic loads under attached flow conditions. It is shown that active trailing-edge flaps are effective in
reducing vibration at high advance ratios and alleviation of vibration due to blade vortex interaction (BVI) at low advance
ratios. In the above study, a linear optimal controller was obtained based on the minimization of a quadratic objective
function of vibration magnitudes and flap control input magnitudes.
In this paper, the sensitivity of an optimal controller applied to vibration control of helicopter is studied. Optimal
controllers are often used in realistic control problems [19,20]. Sensitivity is an important aspect of the controller as it
describes the robustness of the optimal solution and indicates the penalties that may be incurred for wavering from optimal
solution. It is desirable to have an optimal trajectory of state variables which is insensitive to small perturbations in control
input and system parameters. This sensitivity is related to the adjoint variables which can be derived from Pontryagin’s
maximum principle [21,22]. Several other works have studied the performance sensitivity of optimal control systems to
system parameter variations [23–25]. In these studies, it is assumed that a decrease in sensitivity of the system to parameter
variation is desirable and that a certain amount of increase in the cost-functional can be allowed to achieve this reduction
in sensitivity.
The helicopter aeroelastic problem is inherently nonlinear and periodic in nature making it similar to complicated
mathematical problems [26,27]. However, the extent of nonlinear relationship between the flap control inputs and blade
response is not known a priori and has not been addressed in the literature, to the best of authors knowledge. The choice of
the controller (local or global) depends on the extent of this nonlinearity. The current study addresses this issue. In practice,
the actual control input is not the flap motion in itself but the electric field or voltage applied to the smart materials that
actuate these trailing-edge flaps. It is often not possible to achieve exactly the desired flap motion, due to damping, friction,
freeplay, nonlinearity, hysteresis and other factors in the actuator-flap mechanism. Of equal importance is the sensitivity of
the control strategy to noise in measured hub load data (which is used to develop the controller). It is therefore desirable
to study the sensitivity of the control law to variations in these critical parameters. These issues have not been addressed
clearly in the literature and are the focus of the current work.
2. Mathematical model of the helicopter
A high fidelity mathematical model of the helicopter rotor with trailing-edge flaps in the form of an aeroelastic
analysis code is used for the controller design. Aeroelastic codes capable of predicting vibration levels usually need refined
aerodynamic modeling and an aeroelastic response analysis. Such codes are combined with a control algorithm for the
ACF concept along with an appropriate dynamic and aerodynamic model for the active trailing edge flaps to predict the
vibration reduction achieved. The aeroelastic analysis is briefly discussed below. Details are available in [28]. A nonlinear
model of several elastic rotor blades dynamically coupled to a six-degree-of-freedomrigid fuselage represents thehelicopter.
Each blade undergoes flap bending, lag bending, elastic twist and axial displacement. The generalized Hamilton’s principle
applicable to non-conservative systems is used to derive the equations of motion:
δΠ =
∫ ψ2
ψ1
(δU − δT − δW ) dψ = 0 (1)
where δU , δT and δW are virtual variations of strain energy, kinetic energy and virtual work done by external force,
respectively and δΠ represents the total potential of the system. Hodges and Dowell [29] have derived the nonlinear
governing equations of motion for elastic bending and torsion of twisted non-uniform rotor blades made of isotropic
material. For the aeroelastic analysis in this study, aerodynamic forces andmoments are calculated using a free-wakemodel
[30], reverse flow model and unsteady profile and flap aerodynamics for the forward flight condition [31].
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Finite element methodology is used to discretize the governing equations of motion and allows for non-uniform blade
properties. After discretization, the Hamilton’s principle can be written as:
δΠ =
∫ 2pi
0
N∑
i=1
(δUi − δTi − δWi) dψ = 0. (2)
The beam is discretized into N finite elements and each of these N beam finite elements have fifteen degrees of freedom.
Hermite polynomials are used as shape functions for lag and flap bending and Lagrange polynomials for axial and torsion
deflections. The blade finite element equations are then assembled and boundary conditions are applied. Eq. (2) then
becomes:
M q¨(ψ)+ C q˙(ψ)+ Kq(ψ)− F(q, q˙, ψ) = 0. (3)
The nodal displacements q are functions of time and all the nonlinear terms are moved to the force vector. The spatial
functionality is removed by using finite element discretization and partial differential equations are converted to ordinary
differential equations. The finite element equations representing each rotor blade are transformed to normal mode space
for efficient solution of blade response using the modal expansion. Typically 6–10 modes are used. The resulting nonlinear,
periodic, ordinary differential equations are then solved for blade steady response using the finite element in time by
Newton–Raphson method [32]. Mixed Lagrange–Hermite polynomials are used as shape functions for approximating the
normal mode coordinates. Eight time elements are used.
Steady and vibratory components of the rotating frame blade loads are calculated using force summationmethod. In this
approach, blade inertia and aerodynamic forces are integrated directly over the length of the blade. Fixed frame hub loads
are calculated by summing the contributions of individual blades at the root. Once the hub loads are obtained, the helicopter
needs to be trimmed. This is defined as the condition where the steady forces and moments acting on the helicopter sum to
zero and simulates the condition for steady level flight. The trim solution for the helicopter involves finding the pilot control
anglesΘ at which the six steady forces and moments acting on the helicopter are zeros:
F(Θ) = 0. (4)
The trim equations are solved iteratively using a Newton–Raphson procedure. A coupled trim procedure is carried out to
solve the blade response, pilot input trim controls and vehicle orientation, simultaneously. The coupled trim procedure is
essential for elastic blades because elastic deflections play an important role in the steady net forces andmoments generated
by the rotor. For estimation of helicopter vibrations oneneeds to calculate either the harmonics of the blade root or hub loads.
For an Nb bladed rotor, the loads transmitted to hub as primary source of vibration are the Nb ± 1 per rev in-plane blade
root shear forces (radial and drag), Nb per rev vertical root shear force, Nb ± 1 per rev torsional and flapwise root moments,
and Nb per rev lagwise root moment. The terminology ‘‘per rev’’ is widely used by rotorcraft engineers. For instance, ‘‘4 per
rev’’ means that the quantity varies at an angular speed of 4Ω . This aeroelastic analysis has been validated with wind tunnel
data [33] and flight test data [34].
3. Mathematical model of trailing-edge flap
Hariharan and Leishman [35] have developed a time domain unsteady aerodynamic model for a flapped airfoil in
compressible, subsonic flow. This formulation is based on linearization of the governing partial differential equations similar
to that applied in classical thin airfoil theory and assumes the flow to be attached over the flapped airfoil. In the present
analysis, the incremental effects on flap and profile aerodynamics caused by trailing edge flap motions is considered by
using the above mentioned unsteady model. The expressions for indicial lift, pitching moment and hinge moment are given
in [35]. For arbitrary trailing edge flap motion, the total airloads are found by linear superposition (Duhamel’s integral).
Recursive relations are used to make the model suitable for practical use in rotor aeroelastic codes. A complete summary
of the recursive relations for the circulatory and non-circulatory loads (lift, pitching moment, and hinge moment) resulting
from flap motion can be found in [35]. The current study does not use any separated flow model for the trailing-edge flaps.
The plain flap configuration and a flap chord ratio of 0.20 is chosen for the present study.
Smart materials that are used to actuate the blade mounted trailing-edge flaps are limited in their stroke and force
producing capability and therefore yield small deflections of the flap, especially at higher loading conditions. From a control
perspective, this leads to saturation, which introduces serious problems for vibration control. Cribbs and Friedmann [36]
have shown that intuitive limits such as scaling or clipping of the optimal control deflection to a given maximum value
introduce severe degradation in the vibration reduction effectiveness of the ACF system. Itwas also shown that, bymodifying
theweighting of the control effort, the flap deflection could be limited to a desired valuewithout any significant degradation
in performance. In the current study, the peak deflection of all flaps are limited to δsat (=2 degrees).
4. Harmonic optimal control
A frequency domain flap control approach is followed in this study. The periodic nature of the blade response in forward
flight enables the transformation of this control problem from the time domain to the frequency domain. However, since
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the periodic assumption is only valid under steady state conditions, the control approach is only applicable to the vibration
reduction in steady flight condition.
In the current study, we compare the performance of single and dual trailing edge flaps, that are used to introduce control
input directly in the rotating reference frame. It has been observed by researchers that for a 4-bladed rotor, 2, 3, 4 and 5 per
rev harmonics are most influential in reducing hub vibration. These harmonics can be applied individually or together using
a harmonic control law. We select the following harmonic control law for the ith flap:
δi(ψ) = δ2ci cos(2ψ)+ δ2si sin(2ψ)+ δ3ci cos(3ψ)+ δ3si sin(3ψ)
+ δ4ci cos(4ψ)+ δ4si sin(4ψ)+ δ5ci cos(5ψ)+ δ5si sin(5ψ). (5)
The flap harmonics in the above equation are the unknowns that are to be determined based on an optimality criterion. For
a helicopter rotor withNb blades, an important source of vibration is the Nb/rev hub forces andmoments transmitted by the
rotor to the fuselage. The control algorithm used in the current study is based on theminimization of the following objective
function:
Jv = ZTWZZ (6)
subject to the following constraint due to actuator limitations:
max (|δi(ψ)|) ≤ δsat, for i = 1 to Nf . (7)
Here Z is the hub vibratory load vector containing the Nb/rev sine and cosine harmonics (three hub shears and three hub
moments) andNf is the number of flaps in a single rotor blade. TheweightingmatrixWZ is typically a diagonalmatrix which
can be suitably modified to make the controller target either the hub shears or moments. However, in the current study, all
hub shears and moments are weighted equally.
Z =
[
F 4pxH F
4p
yH F
4p
zH M
4p
xH M
4p
yH M
4p
zH
]T
. (8)
The above optimization problem can be solved either using a local or global controller.
4.1. Local controller
The optimization problem posed above is a constrained minimization problem. The unknowns to be determined are the
flap harmonics in Eq. (5). The method of feasible directions (MFD) is used to determine a feasible direction of descent [37].
The gradient of the objective function Jv with respect to the design variables is calculated using the forward finite difference
method. The optimum step size along this direction is then determined using a constrained one-dimensional search like the
golden section method. The advantage of the local controller is that it is applicable to systems that have strong nonlinear
properties. However, the implementation of local controller is computationally expensive since gradient calculations need
to be made repeatedly at every design point using a computationally expensive aeroelastic simulation code.
4.2. Global controller
For the global controller, it is assumed that the hub vibratory loads Z vary linearly over the entire range of control
application. However, this approximation is valid only for control inputs of small magnitude. The first order Taylor series
expansion about zero control input yields:
Z = Z0 +
Nf∑
i=1
Tiui (9)
where Ti is a gradient transfermatrix that relates the system response to themotion of the ith trailing-edge flap. It is assumed
to be constant over the entire range of the control input and thus numerically calculated only once by perturbing the control
harmonics individually around zero control inputs. Z0 is the hub vibratory load vector at zero control inputs. Furthermore,
the actuator limitation constraint is removed by modifying the original objective function as given below:
J = ZTWZZ+
Nf∑
i=1
βiuTi ui (10)
where
ui =
[
δ2ci δ
2s
i δ
3c
i δ
3s
i δ
4c
i δ
4s
i δ
5c
i δ
5s
i
]T
WZ =
(
1−
Nf∑
i=1
βi
)
I6X6
Nf∑
i=1
βi ≤ 1. (11)
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Table 1
Properties of BO105 type uniform rotor
Number of blades 4
c/R 0.055
Solidity, σ 0.07
Lock number, γ 5.20
CT /σ 0.07
Blade pretwist 0.0
EIy/m0Ω2R4 0.0108
EIz/m0Ω2R4 0.0268
GJ/m0Ω2R4 0.00615
m0 (kg/m) 6.46
Ω (rpm) 383
R(m) 4.94
Fig. 1. Rotor with trailing-edge flaps.
Here βi is a non-dimensional parameter that weighs the control effort of ith flap. When βi = 0, the controller tries to
minimize hub loads without regard to the motion of the ith trailing-edge flap. As βi increases towards unity, the controller
will try to reduce the motion of the ith trailing-edge flap to zero. This control law is similar to the control law developed by
Johnson for his studies [38]. Eq. (9) is substituted in Eq. (10) and the following condition is forced for optimality:
∂ J
∂ui
= 0, for i = 1 to Nf . (12)
This yields the following equations:(
1−
Nf∑
i=1
βi
)[
ZT0Ti +
Nf∑
j=1
ujTTj Ti
]
+
Nf∑
i=1
βiuTi = 0, for i = 1 to Nf . (13)
The above set of linear equations are then solved to obtain the optimal flap control input harmonics. A novel feature of
this study is that the values, the values of βi are adjusted such that each flap is utilized to full authority (δsat = 2 deg).
This controller is actually an open loop scheme, where active action is determined by the uncontrolled vibratory hub loads.
If the system were truly linear, this controller would yield the optimal control input in one control step. However, the
helicopter aeroelastic problem is inherently nonlinear. Therefore, the application of the global controller may yield a sub-
optimal control input depending on the strength of the nonlinearity. However, the global controller is relatively simple to
implement and computationally efficient.
5. Numerical simulations
Numerical results are obtained for a four-bladed uniform blade equivalent of a BO105 type soft-inplane hingeless rotor.
The properties of the rotor are shown in Table 1. Two different flap configurations are considered (Fig. 1).
Case (1): Each rotor blade has a single trailing-edge flap of 12% blade span and is located at 70% radial location from the
blade root.
Case (2): Each rotor blade has two trailing-edge flaps, each spanning 6% of the blade span and are located at 67% and 88%
radial location from the blade root.
The dual flap configuration is an attractive concept since it provides the vibration control system with an inherent
redundancy. Also under typical rotor blade dynamic loading conditions, it is easier to move several smaller control surfaces
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Fig. 2. Comparison of local and global controller, µ = 0.30.
Fig. 3. Comparison of local and global controller, µ = 0.10.
than one large control surface. Two different flight conditions are considered: (a) High-speed forward flight (µ = 0.30), and
(b) low-speed flight (µ = 0.10). In high-speed forward flight, higher blade local Mach numbers and higher blade airloads
are the main factors responsible for severe vibration levels. Unlike high blade airloads, strong blade-vortex interactions are
responsible for high vibration levels in low-speed flight regime. To avoid three-dimensional effects, the flaps are placed
away from the tip of the rotor blade.
5.1. Local versus global controller
To compare the performance of the global and local controller, only the single flap configuration is considered as the local
controller becomes computationally prohibitive as the number of flaps increases. This is because there are more number
of unknown variables and constraints in a multiple flap case and numerically computing the gradient at any point in the
feasible domain becomes cumbersome and time consuming. Both local and global controllers were used to determine the
optimal flap control inputs. Figs. 2 and 3 show the optimal flap motion history obtained at high-speed and low-speed flight,
respectively. Though the solution obtained using the global and local controllers are different, it is seen that they are almost
in-phase throughout the rotor azimuth. This is because the phase of the trailing-edge flap motion with respect to rotor
azimuth is critical in determining the extent of vibration reduction. The differences between the two controllers occurmostly
at the retreating side of the blade (180◦ < ψ < 360◦) where dynamic pressures are less. This effect is more pronounced at
low-speed flight than at high-speed flight.
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Fig. 4. Performance of controller with error in flap phasing.
In high-speed forward flight, both controllers yielded about 73% reduction in hub vibration. In low-speed flight,
however, the local controller gave 60% reduction as compared to 52% reduction by the global controller. Though the global
controller gives a sub-optimal solution to the vibration control problem, it is worth noting here that it requires much lesser
computational effort than the local controller. For instance, at low-speed flight, the global controller takes about 22 min as
compared to 160 min taken by the local controller (on a Linux Pentium-4 computer) to give the optimal solution.
Though the overall helicopter aeroelastic problem is quite nonlinear, it is seen that the relationship between trailing-
edge flap input and blade response is only mildly nonlinear within the limits considered in this study (δsat = 2 deg). Hence,
the simple and efficient global controller is used for further studies. The global controller when applied to the dual flap
configuration leads to 75% and 63% reduction in hub vibration levels at high and low-speed flight conditions, respectively.
Indeed, the dual flap configuration performs better than the single flap configuration in terms of reduction in hub vibration
levels.
5.2. Control law sensitivity
The global controller is an open loop controllerwhose active action is determined by the uncontrolled vibratory hub loads
and does not involve any feedback. Such harmonic controllers are useful for periodic systems such as helicopters where the
dominant harmonics of the loads causing vibration are known a priori. For a 4-bladed rotor, the controller contains 2, 3, 4
and 5 per rev harmonics based on properties of harmonic functions. This section deals with the sensitivity of the harmonic
control law for helicopter vibration reduction.
5.2.1. Error in flap phasing
The extent of hub vibration reduction achieved depends on the phasing between flap motion and rotor azimuth. During
the practical implementation of the trailing-edge flap concept, the actual flap motion could lead or lag the commanded flap
motion due to the unmodelled nonlinearity, hysteresis in actuator-flap system, and/or actuator-flap dynamics. Fig. 4 shows
the degradation in the performance of the vibration control systemdue to an error in the phasing of trailing-edge flapmotion.
The degradation is fairly symmetric about the optimum phasing angle for both single and dual flap configurations at both
high and low-speed flight regimes. In high-speed forward flight, the degradation in performance is similar for both single
and dual flap configurations. It is seen that an error of 5 degrees in phasing yields about 67% reduction in vibration which is
about 6% lower than the optimum solution. However, if the actual flap motion leads or lags the optimum/commanded flap
motion by 10 degrees in phase, the performance of the flap system comes down sharply, resulting in about 51% reduction
in hub vibration. In low-speed flight, dual flap configuration performs better than single flap configuration. For the dual flap
configuration, the vibration reduction decreases from 63% to 45% due to an error of 10 degrees in phasing. For the same
error, the vibration reduction decreases from 52% to 36% for the single flap configuration.
5.2.2. Performance degradation due to flap control perturbation
In this section, the performance degradation of the trailing-edge flap system due to perturbation in the optimal flap
control input (ui) is studied. It is desirable to have a robust vibration control system whose performance does not degrade
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Fig. 5. Minimum vibration reduction achievable versus maximum control input perturbation.
Fig. 6. Optimal flap control input for healthy and damaged rotor blade, µ = 0.30.
sharply due to perturbation in the optimal flap control input angles, ui. From Eqs. (6) and (9), the sensitivity of the vibration
objective with respect to the flap control input angles at the optimum can be written as:(
∂ Jv
∂ui
)∗
= 2ZT0Ti + 2u∗i TTTi Ti. (14)
Fig. 5 shows the minimum vibration reduction that could be achieved (worst case scenario) when every component of the
optimum control input is allowed a maximum perturbation limit of∆. For instance, for∆ = 0.2 degree, at low-speed flight
conditions, hub vibration levels can be reduced at the least by 39% and 53% using single and dual flap concepts, respectively.
It is readily seen that the dual flap configuration is more insensitive to errors in optimal flap control inputs than the single
flap configuration. Furthermore, it is apparent that the drop in performance is more severe in high-speed flight as compared
to low-speed flight condition. For instance, in the dual flap configuration, for∆ = 0.3 degree, the performance reduced from
75% to 46% (a drop of 29%) under high-speed flight and from 63% to 47% (a drop of 17%) under low-speed flight conditions.
5.2.3. Sensitivity to plant parameters
It is of interest to study the sensitivity of the global controller to system/plant parameters. The elastic rotor blade stiffness
andmass are considered as plant parameters. The global controller is used to determine the optimal flap control inputs. Fig. 6
shows the optimum flap motion history following the stiffness change for the single flap configuration at high-speed flight
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Fig. 7. Optimal flap control input for healthy and damaged rotor blade, µ = 0.10.
Fig. 8. Optimal flap control input when (i) both flaps are operative and (ii) only one flap operative, µ = 0.30.
condition. The flapmotion is almost identical in phasing after the stiffness change. However, only 67% and 59% reductions in
hub vibrationwere achieved for stiffness reductions of 5% and 10%, respectively, compared to 73% for the baseline rotor. Fig. 7
shows the optimum flap motion history following the stiffness change for the single flap configuration at low-speed flight
condition. The optimum flap motion is identical for all three cases considered. In this case, the hub vibration was reduced
by 54% and 56% from baseline values, for stiffness reductions of 5% and 10%, respectively, compared to 52% for the baseline
rotor. In another study, the mass of the rotor blade was increased by up to 1%. The optimal flap control input determined
using the global controller was found to be very insensitive to such small changes in rotor blade mass. The controller is
therefore quite insensitive to gross changes in rotor plant parameters.
5.2.4. Flap failure in dual flap configuration
One of the main advantages of dual flap configuration over the single flap configuration is the possibility of achieving
considerable reduction in hub vibration in the event of failure of one flap. However, the optimum flap control input angles
of the other operating flap has to be determined again as Eq. (13) is changed. In this study, it is assumed that the inoperative
flap is locked at zero position. Fig. 8 shows the comparison between the optimal flap motion when both flaps are operative
and when one flap has failed (µ = 0.30). It is seen that the change in optimal solution is fairly small. In the case of failure
of flap-2, it is still possible to achieve 54% and 41% reduction in hub vibration at high and low-speed flight, respectively. In
the event of flap-1 failure, 56% and 30% reduction in vibration is obtained at high and low-speed flight, respectively. This
indicates that at high-speed flight conditions, both flaps are equally productive in terms of vibration reduction. However, at
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Fig. 9. Performance of controller with noisy hubload data, µ = 0.30.
Fig. 10. Performance of controller with noisy hubload data, µ = 0.10.
low-speed flight, flap-1 is more effective than flap-2 in reducing hub vibration. This is because flap-1 operates in a higher
dynamic pressure region and hence is capable of generating higher unsteady aerodynamic forces.
5.2.5. Noise in hubloads measurement
In reality, we cannot measure the vibratory hub loads exactly in wind tunnel or flight tests. Hence, it is important to look
into the performance of the control strategywhen themeasured hub load data contains noise. Typically, the global controller
can be developed using tests where the hub loads contain noise. In this study, zero-mean Gaussian noise was added to the
hub loads in the time-domain to simulate noisy data. Noise levels of 5% and 10% were considered to check the performance
of the controller. The gradient transfer matrix (Ti) is now numerically calculated in the presence of noise and subsequently
used by the global controller to obtain the optimal flap control inputs. This is in a way equivalent to developing the control
law from flight tests with noisy data. Both single and dual flap configurations were considered. To get a statistical measure
of the performance of the control law, the above operation is repeated with several sets of noisy data. Figs. 9 and 10 show
the performance of the global controller at different noise levels at high-speed and low-speed flight conditions, respectively.
The performance of the controller degrades sharply in low-speed flight compared to high-speed flight. Both single and dual
flap configurations show promising results in terms of mean percentage reduction in vibration in high-speed flight. In low-
speed flight, the single flap case shows an average vibration reduction of 49% and 42% with 5% and 10% noise, respectively.
The dual flap case shows a mean vibration reduction of 43% and 28% with 5% and 10% noise, respectively. In the single flap
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case, the worst event shows a vibration reduction of 30%, a reduction of about 22% from the ideal situation. In the dual flap
case, the worst case shows a vibration reduction of 11%, a reduction of about 52% from the ideal situation.
6. Concluding remarks
In the current study, we investigate the performance and sensitivity of the control law used for helicopter vibration
control using trailing-edge flaps. A 4-bladed, hingeless rotor is considered in this study. The flaps are placed near the blade
tip and are deflected at higher harmonics of the rotor rotation speed. An objective function consisting of hub vibratory loads
is minimized. The important conclusions obtained are summarized below.
(1) The global controller performs as well as local controller in high-speed forward flight. However, in low-speed flight,
global controller gives a marginally sub-optimal solution (52% compared to an optimal solution of 60%) to the vibration
control problem. But, the global controller requiresmuch lesser computational effort as compared to the local controller.
While helicopter rotor vibration is nonlinearly related to blade structural properties and other such design variables, the
relationship to trailing-edge flap control angles is onlymildly nonlinear for angles in the range of±2 degrees considered
in this study which is typical for flaps actuated with smart materials.
(2) Single and dual flaps perform equally well at high-speed forward flight, yielding about 73% and 75% reduction in
hub vibration. However, at low-speed flight, dual flap configuration performs better than single-flap (63% against 52%
reduction in vibration).
(3) The phasing of the trailing-edge flap(s) is/are closely linked to the performance of the vibration control system.
Numerical studies show that the performance is quite good up to an error of ±5 degrees in phasing from the optimal
phase. Also, the degradation in performance due to error in phasing ismore severe in high-speed flight than in low-speed
flight.
(4) The control law performs well even after small perturbations are applied to the flap harmonics. Dual flap configuration
is found to be more insensitive to errors in optimal flap control harmonics than single flap configuration. Even here the
drop in performance is sharper in high-speed flight as compared to low-speed flight, indicating that the performance is
more sensitive to flap motion at high-speed flight than at low-speed flight.
(5) The optimal control inputs are, in general, fairly insensitive to small changes in the structural stiffness and mass of the
rotor blades.
(6) The effect of partial failure on the performance of vibration control system is studied for the dual flap configuration.
When flap-1 alone operates, it is possible to achieve up to 54% and 41% reduction in hub vibration at high and low-
speed flight, respectively. In comparison, when flap-2 alone operates, 56% and 30% reduction in vibration is obtained
at high and low-speed flight, respectively. It is seen that the outboard flap is more effective in vibration control than
the inboard flap due to its operation in higher dynamic pressure conditions. Dual flaps provide redundancy and fault
tolerance in vibration control.
(7) The global controller used in this study performs well in the presence of zero-mean Gaussian noise in themeasured hub
load data. The performance of both single and dual flaps are found to be good in the presence of two different noise
levels (5% and 10%). It is seen that the controller is more sensitive to noise at low-speed flight than at high-speed flight.
Also, the dual flap configuration is more sensitive to noise in hubload data than single flap configuration.
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